Bacterial diversity among marine creatures, especially molluscs, as a source for searching out novel lineages of bacteria, was studied. Marine creatures were collected at the coasts of the Kanto area in Japan. A total of 116 strains of bacteria were isolated from the intestines of 19 species of marine creatures includings molluscs, pisces and protochordata. Partial sequencing of 16S rDNA revealed that most of the isolates belonged to the gamma subclass of the Proteobacteria and Cytophaga-Flavobacterium-Bacteroides group. The BLAST searches revealed that the complete 16S rDNA sequence of 17 strains out of 116 isolates showed less than 94% similarity with 16S rDNA sequences deposited in the database. Four strains out of the 17 isolates belonged to the Rhodobacter group, 8 strains to the Alteromonas group, and the remaining 5 strains to the Cytophaga-Flavobacterium-Bacteroides group. Phylogenetic positions of 6 strains belonging to the Alteromonas group, which were isolated from different marine creatures, were close to each other, and represented a novel 16S rDNA lineage within the gamma subclass of Proteobacteria. Therefore, it may be inferred that these 6 strains belong to a new genus of Proteobacteria. Phylogenetic positions of the other strains are also independent from neighboring taxa, and they were suggested to respectively form a novel lineage. From these results, it is clear that the biodiversity of bacteria in marine creatures is much wider than was previously thought, and unknown microbiological resources are buried in these organisms.
Introduction
An accumulation of knowledge with respect to biodiversity on the earth has continued for many years because of its great importance and the interest in investigating it. But further studies are necessary for bacterial biodiversity to reach the stage of complete elucidation. Moreover there is a trial calculation that only 1% of bacteria that actually exist on earth have been isolated (Rondon et al., 1999) . During the past few years bacterial biodiversity studies have been getting clearer with the rapid progress of molecular phylogenetic studies based on 16S rDNA analysis of microbial assemblages (Schleper et al., 1997) or fluorescence in situ hybridization with rRNA-targeted oligonucleotide probes (Aznar et al., 1994) . Many proofs that bacterial biodiversity is much wider than previously thought have been reported one after another (Suzuki et al., 1997) . However these results are not obtained from cultures but as sequences of amplified genes.
The aim of the present paper is to isolate, characterize, and identify marine bacteria which have not been known as genetic resources. We focused on the intestines of marine creatures, especially molluscs, as a source of isolation to search out novel lineages of bacteria for the following reasons. Attempts to isolate mi-crobes from alimentary canals reported so far were restricted only to industrially important marine creatures (Sawabe et al., 1998) . Furthermore, identification of bacteria in some reports stayed below the genus level (Shimizu et al., 1985) , and owing to identification based only on phenotypical techniques, their results seemed not to be correct.
Here we report on the bacteria isolated from the intestine of marine creatures, and on their identification and characterization approached through phenotypical and molecular genetical analysis.
Materials and Methods
Sampling. The strains used in this study were obtained from marine creatures as the source of isolation, as summarized in Table 1 . Marine creatures were collected by angling, netting, scuba diving or picking them up along the coasts of Miura City, Kanagawa Pref.; Futtsu City, Chiba Pref.; Tateyama City, Chiba Pref.; Izu-Osezaki, Shizuoka Pref.; Izu-Ohshima Island; Miyake Island; Tokyo Bay; and Suruga Bay, Shizuoka Pref., Japan, from 1998 to 2000. All these locations are in the Kanto area, a temperate region.
Isolation of bacterial strains. The collected marine creatures were washed several times with sterile seawater. The internal organs excised were homogenized and serially diluted to a 1 : 10 ratio in sterile seawater. Each 0.1 ml of the dilution was spread on Marine Agar 2216 (Difco, Detroit, MI, USA). Plates were then incubated at 20°C for 1 week. Colonies appearing on the plates were purified by repeated streaking and stored by freezing at Ϫ80°C.
DNA amplification and sequencing of 16S rDNA. Preparation of a DNA template for PCR was carried out by the method of Hiraishi (1992) . 16S rDNA was amplified by PCR with primers 8F (5Ј-AGAGTT-TGATCCTGGCTCAG, the same sequence as positions 8 to 27) [Escherichia coli numbering system of Brosius et al. (1978) ] and 1510R (5Ј-GGCTACCTTGT-TACGA, complementary to positions 1510 to 1495). The amplified 1.5-kb PCR products of the 16S rDNA fragment were refined with the use of GFX TM PCR DNA and a gel band purification kit (Amersham Pharmacia Biotech UK, Ltd., Little Chalfont Buckinghamshire, UK). The PCR products refined were di- 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 32, 33, 34 rectly sequenced with the use of a BigDye terminator cycle sequencing ready reaction kit (Applied Biosystems, Foster City, CA, USA). Cycle sequencing was performed by using 8F, 520F (5Ј-CAGCAGCCGCG-GTAATAC, the same sequence as positions 519 to 536), 926F (5Ј-AAACTCAAATGAATTGACGG, the same sequence as positions 907 to 926), 350R (5Ј-CTGCTGCCTCCCGTA, complementary to positions 357 to 343), 700R (5Ј-TCTACGCATTTCACCGCTAC, complementary to positions 704 to 685), 1100R (5Ј-AGGGTTGCGCTCGTTG, complementary to positions 1115 to 1100), and 1510R. The DNA sequence was analyzed with an ABI PRISM 310 Genetic Analyzer (Applied Biosystems). 18S rDNA was amplified and the cycle sequenced in a way similar to that of 16S rDNA by using primers NS1 (5Ј-GTAGTCATAT-GCTTGTCTC, the same sequence as positions 19 to 38 based on Saccharomyces cerevisiae numbering). NS3 (5Ј-GCAAGTCTGGTGCCAGCAGCC, the same sequence as positions 553 to 573), NS5 (5Ј-AACT-TAAAGGAATTGACGGAAG, the same sequence as positions 1129 to 1150), NS7 (5Ј-GAGGCAATAACAG-GTCTGTGATGC, the same sequence as positions 1413 to 1436), NS2 (5Ј-GGCTGCTGGCACCAGACT-TGC, complementary to positions 573 to 553), NS4 (5Ј-CTTCCGTCAATTCCTTTAAGTT, complementary to positions 1150 to 1129), NS6 (5Ј-GCATCACAGACCT-GTTATTGCCTC, complementary to positions 1436 to 1413), and NS8 (5Ј-TCCGCAGGTTCACCTACGGA, complementary to positions 1788 to 1769). Phylogenetic analysis. 16S rDNA sequences of the isolates determined in this work were compared with sequences obtained from the DNA databases. Alignment and phylogenetic analysis were performed using CLUSTAL W ver. 1.8 (Thompson et al., 1994) . Phylogenetic trees were constructed based on K nuc values by the neighbor-joining method (Saitou and Nei, 1987) . The topology of the phylogenetic tree was evaluated by the bootstrap resampling method of Felsenstein (Felsenstein, 1985) . Partial 16S rDNA sequences of 116 isolates were compared with those of representative strains of each group of bacteria. The almost complete 16S rDNA sequences obtained in this study were searched for homology on the DNA databases by using BLAST algorithm (Lipman et al., 1997) . The sequences of isolates were aligned with the sequences of reference organisms derived from databases.
Results
In order to determine the taxonomic position of all isolates, phylogenetic analyses based on partial sequences of 16S rDNA (ca. 500 bp) were initially carried out. Homology search based on these sequences using BLAST revealed that 74 strains belonged to Proteobacteria, 12 strains belonged to the CytophagaFlavobacterium-Bacteroides group, 2 strains belonged to the Bacillus/Clostridium group, and 2 strains belonged to Actinobacteria. The remaining strain was found to belong to yeast Ascomycota, based on 18S rDNA (Table 2 ). Of the 74 strains belonging to Proteobacteria, 42 strains could be identified as strains of the genus Vibrio. Thirteen strains out of 17, of which the similarity value of the partial sequences of 16S rDNA was less than 94%, were isolated from mollusc sea slug. A sea slug is a marine gastropod mollusc without a shell in the adult state and without true gills and belongs to the order Nudibranchia. Two strains out of 17 were isolated from limpet, which is a marine gastropod and has a low conical shell broadly open beneath. The remaining two strains out of 17 were isolated from sea squirt, which is a marine protochordata, although their taxonomic position remains unsettled. The almost complete sequences of 16S rDNA of these 17 strains were determined to clarify their precise taxonomic positions. The analysis by homology search followed by constructing phylogenetic trees based on the neighbor-joining method gave the following results: 17 strains were divided into 3 groups-namely, the Rhodobacter group (4 strains), the Alteromonas group 2002 Phylogeny of bacteria from marine creatures 253 (8 strains), and the Cytophaga-Flavobacterium-Bacteroides group (5 strains). The phylogenetic position of the isolates in each group is described below.
Alteromonas group (Fig. 1 ) MKT92: The results of BLAST search indicated that the isolate MKT92 was a member of the gamma subclass of Proteobacteria and showed 94% similarity value to Thalassomonas (Macian et al., 2001 ). The phylogenetic tree also suggested this relationship. The isolate MKT92 formed a cluster with the genera Thalassomonas and Colwellia, which was supported by 100% bootstrap values.
MKT82, MKT 86, MKT 87, MKT 89, MKT 106, and MKT 112: These 6 strains were isolated from different specimens belonging to the same species or different species. All 6 of these strains belonged to the gamma subclass of Proteobacteria. The isolates formed a cluster, exhibiting 99-100% 16S rDNA sequence similarity among themselves. The similarity values to phylogenetically related genera, Thalassomonas, Glaciecola, Colwellia, Alteromonas, and members of Pseudoalteromonas, were 89-91%. These 6 strains were found to represent a novel 16S rDNA lineage.
MKT110: Comparative analysis of the sequences confirmed the affiliation of the isolate MKT110 to the gamma subclass of Proteobacteria. This strain showed 90% 16S rRNA gene sequence similarity with Pseudomonas andersonii, and 89% with both Marinobacter aquaeolei and Marinobacter hydrocarbono-254 KURAHASHI and YOKOTA Vol. 48 Fig. 1 . Phylogenetic tree based on almost complete 16S rDNA sequences comparing the MKT isolates with members of Alteromonas and related genera.
The tree was constructed using the neighbor-joining method. As the root organism, Rhodospirillu rubrum was used. Bootstrap values, expressed as numeral of 1,000 replications, are given at branching points; only those above 500 are shown. Accession numbers of the sequences are shown in parentheses.
clasti. The phylogenetic tree showed that MKT110 occur in a deeply branched clustering with genus Marinobacter and genus Pseudomonas (Achouak et al., 2000) , which were supported by 63% bootstrap value.
Rhodobacter group (Fig. 2) MKT107: The 16S rDNA sequence of strain MKT107 formed a distinct branch in the alpha subclass of Proteobacteria. It was most closely related to [Ruegeria] gelatinovorans (square brackets indicate a misnamed organism), Sulfitobacter mediterraneu, Sulfitobacter pontiacus, and Staleya guttiform. All of them showed 94% sequence identity with the 16S rDNA sequence of strain MKT107. On the other hand, with respect to the phylogenetic tree, this isolate constituted a cluster with the genus Antarctobacter and genus Sagittula (Gonzalez et al., 1997) ; however, their bootstrap values for clustering were too low to clarify these relationships.
MKT95: The results of BLAST search indicated that the isolate MKT95 was a member of the alpha subclass of Proteobacteria and the highest similarity value was 96% to both [Roseobacter] Shiba (1991) , and genus Ruegeria, whose type species is R. atlantica, was established by Uchino et al. (1999) . 2002 Phylogeny of bacteria from marine creatures 255 Fig. 2 . Phylogenetic tree based on almost complete 16S rDNA sequences comparing the MKT isolates with members of Rhodobacter and related genera.
However, reconstruction of a phylogenetic tree comprising newly validated species indicated that [Roseobacter] gallaeciensis and [Ruegeria] algicola including strain MKT95 should be classified in a new genus.
MKT84 and MKT94: These two strains were isolated from individual marine creatures which belong to different species. Comparative analysis of the sequences confirmed the affiliation of the isolates MKT84 and MKT94 in the alpha subclass of Proteobacteria. These two isolates formed a distinct group, exhibiting 100% 16S rDNA sequence similarity between them. They are related to Stappia stellulatum and Roseibium denhamense by the sequence similarity of 94%.
Cytophaga-Flavobacterium-Bacteroides group
A phylogenetic analysis based on the 16S rDNA sequence data indicated the isolates MKT38, MKT93, MKT44, MKT109, and MKT111 were members of Cytophaga-Flavobacterium-Bacteroides group (Figs. 3  and 4) .
MKT38: The strain MKT38 displayed 90% similarity value of the 16S rDNA sequence with Gelidibacter algens. On the other hand, as shown in the phylogenetic tree (Fig. 3) , MKT38 strain constituted a cluster with the genus Zobellia (Barbeyron et al., 2001) and [Cytophaga] marinoflava. However, bootstrap value do not support the affiliation of MKT38.
MKT93: This isolate formed a new branch and was related to members of the genus Polaribacter (Gosink Fig. 3 . Phylogenetic tree based on almost complete 16S rDNA sequences comparing the MKT isolates with members neighboring Polaribacter of the Cytophaga-Flavobacterium-Bacteroides group.
The tree was constructed using the neighbor-joining method. As the root organisms, Escherichia coli was used. Bootstrap values, expressed as numeral of 1,000 replications, are given at branching points; only those above 500 are shown. Accession numbers of the sequences are shown in parentheses. et al., 1998) and Tenacibaculum (Suzuki et al., 2001) , with an average similarity value of 91%. The results of phylogenetic analyses showed that MKT93 clustered with genera Polaribacter and Tenacibaculum, which was confirmed by a 97% bootstrap value.
MKT44: The results of the BLAST search indicated that the isolate MKT44 was a member of the Cytophaga-Flavobacterium-Bacteroides group and the highest similarity value was 96% to [Cytophaga] fermentans. The plylogenetic tree also supported the relationship between these two strains and formed a stable monophyletic clade with a 96% bootstrap value. Genus Cytophaga, whose type species is C. hutchinsonii, was established by Winogradsky in 1929. The phylogenetic position of [Cytophaga] fermentans is too far from C. hutchinsonii and could not be included in the same genus. Hence, [Cytophaga] fermentans together with MKT44 could be reclassified under a new genus.
MKT111: The results of the BLAST search revealed that MKT111 strain was related to Flammeovirga aprica with a similarity value of 92%. The phylogenetic tree showed that the strain formed a stable monophyletic clade with Flammeovirga aprica with a 100% bootstrap value.
MKT109: This strain showed a 91% similarity value of 16S rDNA sequence with Persicobacter diffluens with a 92% bootstrap value in the phylogenetic tree. 2002 Phylogeny of bacteria from marine creatures 257 Fig. 4 . Phylogenetic tree based on almost complete 16S rDNA sequences comparing the MKT isolates with members neighboring Persicobacter of the Cytophaga-Flavobacterium-Bacteroides group.
The tree was constructed using the neighbor-joining method. As the root organism, Escherichia coli was used. Bootstrap values, expressed as numeral of 1,000 replications, are given at branching points; only those above 500 are shown. Accession numbers of the sequences are shown in parentheses.
Discussion
We have obtained results that 17 strains among 116 isolates may belong to new genera based on the 16S rDNA analysis data. In this study, only one medium, Marine agar 2216, was used for the isolation. Thus, a wide variety of heterotrophic marine bacteria existing in the environment could be isolated by the use of this medium. Nevertheless, our findings suggest that a lot of novel lineages of bacteria exist in marine creatures. It is equally important that we could obtain those bacteria as living cultures.
It is not understood clearly whether the bacterial strains isolated in this study originate from seawater, or the marine creatures themselves. Probably, it is reasonable to consider that they originate from both. It would be of interest to consider food habits of marine creature from which bacterial strains were isolated. Food habits of Opisthobranchia, from which a lot of novel lineages of bacterial strains were isolated, are scarcely known (Todd, 1981) . However, if we take the environment in which they are living into consideration, it is presumed that some Opisthobranchia described in this study are detritus feeders or algae feeders. Bacterial strains might play a role in the digestion of food in their marine hosts. Additionally, it is known that Opisthobranchia produce a chemical substance for their biophylaxis (Tullrot, 1994) , and it may be inferred that the chemical substance in Opisthobranchia originates from bacteria.
It is evident that the biodiversity of bacteria in marine creatures is much wider than was previously thought. From this study, we concluded that the intestines of marine creatures are very interesting as a microbiological genetic resource.
Further investigation will clarify the biodiversity of bacteria in marine creatures, but it is clear that marine creatures are a treasure house of new bacterial sources. We will report more detailed data about each taxon elsewhere.
